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Regulation of Retinoic Acid Distribution Is Required
for Proximodistal Patterning and Outgrowth
of the Developing Mouse Limb
characterization of developmental mechanisms, and RA
has long been implicated in various aspects of limb
development (Niswander, 2003; Tickle, 2003). For in-
stance, implantation of RA-loaded beads at the anterior
margin of the chick limb bud at early stages of develop-
Kenta Yashiro,1,2,3 Xianling Zhao,1,2,3
Masayuki Uehara,1,2 Kimiyo Yamashita,1,2
Misae Nishijima,1,2 Jinsuke Nishino,1,2
Yukio Saijoh,1,2 Yasuo Sakai,1,2,4
and Hiroshi Hamada1,2,*
ment mimics the activity of the zone of polarizing activity1Developmental Genetics Group
(ZPA) and induces limb duplication along the antero-Graduate School of Frontier Biosciences
posterior (A-P) axis in a manner similar to ZPA grafts.Osaka University
RA is also implicated in proximodistal (P-D) patterning2 CREST
of the limb. In particular, RA is thought to possess proxi-Japan Science and Technology Corporation (JST)
malizing activity (Brockes, 1997; Crawford and Stocum,1-3 Yamada-oka, Suita
1988; Maden, 1982; Mercader et al., 2000). During regen-Osaka 565-0871
eration of the newt limb, for example, excess RA proxi-Japan
malizes the distal blastema, and the extent of proximali-
zation of the regenerated limb increases with the dose of
RA (Brockes, 1997; Crawford and Stocum, 1988; Maden,Summary
1982). Furthermore, in the chick, exposure of limb mes-
enchyme cells to a high concentration of RA increasesExogenous retinoic acid (RA) induces marked effects
their contribution to proximal positions (Tamura et al.,on limb patterning, but the precise role of endogenous
1997), and RA induces the expression of Meis genes,RA in this process has remained unknown. We have
which are determinants of the proximal portion of thestudied the role of RA in mouse limb development by
limb (Mercader et al., 2000). However, given that therefocusing on CYP26B1, a cytochrome P450 enzyme that
is also no direct evidence for an RA gradient along theinactivates RA. Cyp26b1 was shown to be expressed
A-P or P-D axis in the outgrowing limb bud (Helms etin the distal region of the developing limb bud, and
al., 1994), it has remained unclear whether these obser-mice that lack CYP26B1 exhibited severe limb malfor-
vations reflect a physiological role of RA or rather itsmation (meromelia). The lack of CYP26B1 resulted in
pharmacological effects.spreading of the RA signal toward the distal end of
The intracellular level of active RA is determined bythe developing limb and induced proximodistal pat-
the balance between its synthesis by RALDHs and itsterning defects characterized by expansion of proxi-
degradation by CYP26 enzymes. CYP26s are a groupmal identity and restriction of distal identity. CYP26B1
of P450 enzymes that metabolize RA to inactive formsdeficiency also induced pronounced apoptosis in the
(Fujii et al., 1997; Ray et al., 1997; White et al., 1996).
developing limb and delayed chondrocyte maturation.
Mice and humans possess three CYP26 genes: Cyp26a1,
Wild-type embryos exposed to excess RA pheno-
Cyp26b1, and Cyp26c1 (Abu-Abed et al., 2002; MacLean
copied the limb defects of Cyp26b1/ mice. These et al., 2001; Nebert and Russell, 2002; Nelson, 1999;
observations suggest that RA acts as a morphogen Tahayato et al., 2003). CYP26A1 catalyzes the conver-
to determine proximodistal identity, and that CYP26B1 sion of RA to hydroxylated and oxidized derivatives that
prevents apoptosis and promotes chondrocyte matu- are more polar and thought to be inactive or much less
ration, in the developing limb. active than RA (Fujii et al., 1997; Niederreither et al.,
2002a; White et al., 1996). The three CYP26 isozymes
Introduction are expressed in different regions of embryos during
development. Cyp26a1 is expressed at a high level in
Retinoic acid (RA) plays important roles in embryonic the hindbrain and tail bud, and, like embryos exposed
development (Conlon, 1995; Maden, 1999; Niederreither to excess RA, Cyp26a1 knockout mice exhibit hindbrain
et al., 1999; Ross et al., 2000) and exerts its effects patterning defects and caudal regression (Abu-Abed et
through interaction with the nuclear receptors RAR and al., 2001; Sakai et al., 2001). In contrast, CYP26B1 (White
RXR. Vitamin A deficiency (VAD) results in a spectrum of et al., 2000) is highly expressed in restricted regions of
developmental malformations known as VAD syndrome the developing limb (Abu-Abed et al., 2002; MacLean et
(Thompson et al., 1969; Wilson et al., 1953), and animal al., 2001).
models have shown that RA, the active metabolite of We have now studied the role of CYP26B1 in limb
vitamin A, is indispensable for embryogenesis and or- development. Our data suggest that CYP26B1 is re-
sponsible for generating a graded distribution of RAganogenesis (Niederreither et al., 1999; Ross et al.,
along the P-D axis of the developing mouse limb, and2000). Conversely, intake of excess RA during preg-
they reveal multiple roles for RA in limb development.nancy results in malformations referred to as RA em-
bryopathy (RAE) (Lammer et al., 1985; Ross et al., 2000).
ResultsVertebrate limbs are studied as a model system for
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Mouse P19 pluripotent embryonic carcinoma cells are4Present address: E. K. Shriver Center, University of Massachusetts
Medical School, 200 Trapelo Road, Waltham, Massachusetts 02452. able to differentiate into various cell types in response
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to all-trans RA (Rudnicki and McBurney, 1987). We pre- (Figures 2B–2D). In contrast, the scapula and ilium ap-
peared morphologically normal. Morphological anoma-viously showed that ectopic expression of CYP26A1 in
P19 cells rendered them hyposensitive to RA (Fujii et lies of the mutant limbs were apparent from their narrow
tips as early as E11.5 (Supplemental Figure S3). Exami-al., 1997). To investigate whether CYP26B1 inactivates
RA, we similarly tested the effect of Cyp26b1 expression nation of the pattern of precartilaginous condensation
as revealed by cartilage staining and by Sox9 expressionon RA-induced differentiation in P19 cells, which do not
express the endogenous gene in the undifferentiated (Wright et al., 1995) at E12.5 showed that the stylopod,
zeugopod, and autopod were not well separated intostate (data not shown). P19 cells stably expressing ec-
topic Cyp26b1 (P19-R cells) or transfected with the cor- distinct segments (Figure 2C). Staining of cartilage of the
mutant embryos at E12.5 also revealed that the stylopodresponding empty vector (P19-C cells) were established
and induced to differentiate with various concentrations and zeugopod were formed as a single primordium and
were shortened along the P-D axis and that the autopodof all-trans RA. Whereas P19-C cells responded to RA
at concentrations of1 nM, as previously demonstrated was poorly formed (Figure 2C). The proximal region of
Cyp26b1–/– limbs was thicker than that of wild-typefor P19 cells (Fujii et al., 1997; Rudnicki and McBurney,
1987), most P19-R cells were unresponsive to 100 nM limbs, a difference that was also evident in the limb
bud at E11.5 (Supplemental Figure S4). Finally, the jointRA and some remained undifferentiated even after expo-
sure to 1 M RA (Figure 1A). These results indicate that, between the stylopod and zeugopod was completely
absent in Cyp26b1–/– mice at E16.5 (Figure 2D).like CYP26A1 (Fujii et al., 1997), CYP26B1 metabolically
inactivates RA.
Cyp26b1 is expressed in various regions of the devel- P-D Patterning Defects in the Cyp26b1–/–
oping mouse embryo, including the developing limb Mouse Limb
(Abu-Abed et al., 2002; MacLean et al., 2001). During To characterize the molecular basis of the limb defects
limb development, expression of Cyp26b1 begins in in Cyp26b1–/– mice, we next examined the expression
the distal portion of the newly formed limb bud (18- to of various marker genes (Figure 3A; Supplemental Figure
20-somite stage) (Figure 1B). As the limb bud grows, S5). Expression of Fgf8, Shh, Ptc1, Gli3, dHand, En1,
Cyp26b1 expression increases in intensity but remains and Wnt7a was normal in the mutant limbs, indicating
restricted to the distal region. Cyp26b1 mRNA is abun- that AER and ZPA function was not impaired, and both
dant in the ectoderm, excluding the apical ectodermal A-P and dorsoventral patterning appeared unaffected
ridge (AER), but is present in much smaller amounts in (Niswander, 2003). Although Fgf4 expression in the mu-
the superficial mesenchyme corresponding to the prog- tant limb was slightly downregulated, the level of phos-
ress zone (Niswander, 2003; Summerbell et al., 1973) phorylated ERK (Corson et al., 2003) and expression of
(Figure 1B). Cyp26b1 is also expressed in the precarti- Mkp3 (a downstream gene of Fgf signaling) (Kawakami
laginous blastemas of the future stylopod and zeugopod et al., 2003) remained unaffected (Supplemental Figure
at embryonic day (E) 11.5 (Figure 1B) as well as in the S5). Chondrogenic mesenchyme and myoblastic mes-
perichondrium at E13.5 (Figure 1C). The expression of enchyme also seemed to be formed normally, given that
Cyp26b1 in the developing limb thus occurs first in the Sox9 and Pax3 expression was not impaired at E10.5
distal ectoderm and then in the precartilaginous blaste- (Supplemental Figure S5B) (Bober et al., 1994; Sun et
mas. In contrast, Raldh2 is not expressed within the al., 2002). However, P-D patterning was abnormal. Mo-
developing limb between E9.5 and E11.0 (Figure 1D). lecular patterning defects were first evident in mutant
embryos at E10.5, when the late stage Hox expression
(Duboule, 1994; Nelson et al., 1996) begins in wild-type
Cyp26b1–/– Mice Exhibit Severe Limb Deformities embryos. Whereas Hoxd9, -d10, -d11, and -a11 expres-
To investigate the possible role of CYP26B1 in limb sion was normal, the level and extent of expression of
development, we generated mice in which Cyp26b1 three distal Hox genes, Hoxd12, -d13, and -a13, were
was disrupted by homologous recombination (Supple- greatly reduced at E10.5 (Figure 3A; data not shown).
mental Figure S1 [http://www.developmentalcell.com/ Downregulation of Hoxd12, -d13, and -a13 expression
cgi/content/full/6/3/411/DC1]). Whereas heterozygotes was also apparent at E11.5 (Supplemental Figure S3).
appear normal and are fertile, Cyp26b1–/– mice manifest Moreover, the expression domains of Meis1 and Meis2,
various malformations, including meromelia and mi- markers for the stylopod that respond to RA (Capdevila
crognathia, as well as open eyes at birth. The homozy- et al., 1999; Mercader et al., 1999, 2000), were expanded
gous mutant animals are born in the expected Mendelian distally in the mutant limbs (Figure 3A; Supplemental
ratio, but they die immediately after birth as a result Figure S3; data not shown). Thus, domains with proximal
of respiratory distress. Although the Cyp26b1–/– mice identity were expanded while those with distal identity
exhibit various developmental defects, we focused on regressed.
the limb abnormalities in the present study. We next examined the distribution of RA within the
Cyp26b1–/– mice manifest meromelia-like malforma- limbs of mice harboring the RARE-hsplacZ transgene
tions in forelimbs and hindlimbs (Figure 2A). They also (Rossant et al., 1991) by staining with the -galactosidase
exhibit oligodactyly, possessing only two or three digits substrate X-gal. In Cyp26b1/ embryos at E10.5, the
per extremity (Figures 2A and 2B). Nail-like structures RA signal was detected only in the most proximal region
were present at the digit tips (Supplemental Figure S2). (Figure 3B). The region of X-gal staining was revealed to
Carpal bones were not clearly recognizable. The stylo- extend more distally with longer staining periods (Figure
pod and zeugopod were also difficult to recognize be- 3C), suggesting that RA may exist in a graded manner
along the P-D axis of the limb bud. Given that Raldh2cause they were fused without any sign of separation
Retinoic Acid and Mouse Limb Development
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Figure 1. Expression of the RA-Inactivating
Enzyme CYP26B1 in the Developing Limb
(A) P19 cells stably expressing ectopic
Cyp26b1 (P19-R) or transfected with the cor-
responding empty vector (P19-C) were ex-
posed to the indicated concentrations of all-
trans RA to induce differentiation and were
then examined by phase contrast microscopy
8 days after RA-treatment.
(B) Cyp26b1 expression in the developing
limb was examined by whole-mount or sec-
tional in situ hybridization. The red arrow indi-
cates the AER. Dorsal views are shown for
whole-mount preparations (anterior side up).
The dorsal side is indicated by asterisks in
sections. Arrowhead indicates that Cyp26b1
is also expressed at precartilaginous conden-
sation sites. Bars, 100 m.
(C) Cyp26b1 is expressed in the perichon-
drium of the limb bud at E13.5 (black arrow).
hu, humerus; ole, olecranon; ul, ulna. Bar,
100 m.
(D) Expression of Raldh2 in the body trunk
but not in the limb during limb bud outgrowth
at E10.5. Bar, 100 m.
is not expressed in the limb bud during its outgrowth 3B; Supplemental Figure S6), demonstrating an in-
creased concentration of RA in the distal region. Similar(Figure 1D), the RA present in the limb bud is likely
derived from the body trunk. Uneven distribution of RA expression patterns of RARE-hsplacZ were observed
with the limb buds at E9.5 (Supplemental Figure S7A).thus appears to be generated along the P-D axis of the
limb bud between the RA production site in the body These results suggest that the expansion of proximal
identity and restriction of distal identity in the limbs oftrunk and the RA degradation site at the distal end of
the limb (Supplemental Figure S6), as proposed in the Cyp26b1–/– mice result from an increase in the level of
the RA signal in the distal region. Cyp26a1, whose ex-classical morphogen theory (Wolpert, 1968). In Cyp26b1–/–
mice, however, expression of RARE-hsplacZ extended pression in the limb begins in the autopod ectoderm at
E11.5 in wild-type embryos, was expressed at E10.5markedly toward the distal end of the limb bud (Figure
Developmental Cell
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Figure 2. Limb Malformation in Cyp26b1–/– Mice
(A) External appearance of wild-type (WT) and Cyp26b1–/– (–/–) newborn mice.
(B) Skeletal staining of wild-type and Cyp26b1–/– newborn mice. The forelimb and hindlimb exhibit essentially the same phenotype. fe, femur;
fi, fibula; ra, radius; sc, scapula; ti, tibia; ul, ulna; A, autopod; S, stylopod; Z, zeugopod; A, presumptive autopod; S, presumptive stylopod;
Z, presumptive zeugopod.
(C) Cartilage staining and sectional in situ hybridization for Sox9 in the forelimbs of E12.5 mice. The proximal region of the Cyp26b1–/– limb is
thicker than that of the wild-type limb. Boundary formation among stylopod, zeugopod, and autopod segments was also impaired in the
mutant limb, as confirmed by Sox9 expression. Bars, 500 m.
(D) Histology of the elbow joint at E16.5. The elbow joint is not formed correctly in Cyp26b1–/– mice. hu, humerus; ole, olecranon. Bars, 500 m.
in the Cyp26b1–/– limb (Figure 3D). The abnormal RA analysis of chick embryos (Vargesson et al., 1997). In
the Cyp26b1–/– limbs (3/3), however, many of the labeleddistribution in Cyp26b1–/– limbs may thus be partially
compensated for by the ectopic Cyp26a1 expression. cells crossed the boundary between the zeugopod and
handplate and were detected in the zeugopod region,
consistent with the previous observation that distal cellsAberrant Contribution of Distal Mesenchyme Cells
treated with excess RA or ectopically expressing Meis2of the Cyp26b1–/– Mouse Limb
aberrantly contributed to proximal segments (Capdevilato Proximal Segments
et al., 1999; Mercader et al., 1999, 2000; Tamura et al.,The reduction in the size of the autopod and thickening
1997). Our results thus suggest that the reduced size ofof the proximal region of the Cyp26b1–/– limb apparent
the autopod and the thickening of the proximal part ofbetween E11.5 and E12.5 suggested that distally located
the Cyp26b1–/– limb are attributable to proximalizationmesenchyme cells, which would normally contribute to
of distal cells.the autopod, might have acquired proximal identity and
have aberrantly contributed to proximal segments. To
test this hypothesis, we labeled the most distal mesen- CYP26B1 Protects Chondrogenic Cells
from Apoptosis and Promoteschyme cells located beneath the AER of the limb bud
at E10.5 with the lipophilic fluorescent dye DiI (Figure Chondrocyte Maturation
Although the reduction in the extent of distal identity4A). The fate of the labeled cells was determined after
culture of the embryos for 36 hr (Figure 4B). In the wild- might explain the autopod defects of Cyp26b1–/– mouse
limbs, it was not clear why the stylopod and zeugopodtype limbs (5/5), DiI-labeled cells extended toward the
proximal side but were localized within the handplate were also severely truncated. To examine whether
alterations in cell proliferation or cell death might also(autopod segment). Cells positioned at the most distal
region of the E10.5 limb bud thus contributed exclusively contribute to the limb defects, we performed bromo-
deoxyuridine (BrdU) incorporation and TUNEL assaysto the autopod, consistent with previous fate-mapping
Retinoic Acid and Mouse Limb Development
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Figure 3. P-D Patterning Defects in the Limbs
of Cyp26b1–/– Mice
(A) Expression of various genes in the limbs
of wild-type and Cyp26b1–/– mice at E10.5 was
examined by whole-mount in situ hybridiza-
tion. Dorsal views are shown (anterior is top).
(B) Expression of the RARE-hsplacZ trans-
gene in the limbs of Cyp26b1/ (WT) and
Cyp26b1–/– (–/–) mice at E10.5 was examined
by X-gal staining. Incubation time for the
staining was 6 hr.
(C) The same section of a Cyp26b1/ mouse
limb expressing the RARE-hsplacZ transgene
at E10.5; staining with X-gal was performed
for 2 or 24 hr, as indicated. X-gal staining was
restricted to the proximal side after incuba-
tion for 2 hr, but was detected in more distal
regions after incubation for 24 hr. Dorsal is
top.
(D) Expression of Cyp26a1 in the distal ecto-
derm of the Cyp26b1–/– limb (open arrow-
head), but not in that of the wild-type limb,
at E10.5. At E11.5, Cyp26a1 is expressed in
the ectoderm of the future autopod in both
wild-type and Cyp26b1–/– limbs (closed ar-
rowheads). The section planes for the E11.5
limbs are shown in Supplemental Figure S3.
The morphological difference between this
section and others (such as those in Figure
5A and Supplemental Figure S4) of the
Cyp26b1–/– limb at E11.5 is due to the orienta-
tion of the section plane. Bars, 200 m.
to detect proliferating and apoptotic cells, respectively. zeugopod in Cyp26b1–/– mice. Given that excess RA in-
duces the death of chondrocytes (Adams and Horton,The incorporation of BrdU showed no substantial differ-
ences between wild-type and mutant limbs from E10.5 1998), the apoptosis evident in the limbs of Cyp26b1–/–
mice may occur in chondrogenic precursor cells.to E12.5 (Figure 5A; Supplemental Figure S4; data not
shown). Furthermore, the distribution of apoptotic cells Excess RA also inhibits chondrocyte maturation (Sek-
iya et al., 2001; Weston et al., 2000), and a low level ofwas indistinguishable between the wild-type and mutant
limbs at E10.5 (data not shown). Between E11.0 and Cyp26b1 expression was detected in precartilaginous
blastemas and the perichondrium (Figures 1B andE11.5, apoptotic cells were detected in the proximal and
medial portions of both wild-type and mutant limbs, but 1C). Indeed, chondrocyte maturation was delayed in
Cyp26b1–/– limbs, as revealed by the histologically imma-they appeared to be slightly increased in number in
the latter (Supplemental Figure S4). At E12.0, however, ture cell shape, the lack of a distinguishable perichon-
drium and growth plate, and the absence of Ihh andwhereas cell death was no longer detected in wild-type
limbs, it occurred at a massive level in Cyp26b1–/– limbs ColX expression at E13.5 (Figure 5C; data not shown).
This defect in chondrocyte maturation might be respon-(Figure 5A). Increased cell death at E12.0 is thus the
likely cause of the reduced size of the stylopod and sible for the arrested long bone elongation (Ornitz and
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E10.25 and E12.25 was therefore necessary for repro-
duction of the limb defects attributable to the lack of
CYP26B1. A single administration of all-trans RA at
E11.25 also resulted in truncation of the stylopod and
zeugopod, whereas the stylopod remained normal after
all-trans RA administration at both E10.25 and E12.25.
Furthermore, excess RA at E11.25 induced apoptosis
more effectively than did RA administration at E10.25
or E12.25 (Figure 5B; data not shown). The presence of
excess RA at E11.25 thus appears to be important for
truncation of the proximal limb segment, consistent with
the observation that increased apoptosis was apparent
in the proximal region of the Cyp26b1–/– limb specifically
at E12.0.
Administration of RA at E10.25 induced P-D molecular
patterning defects similar to those detected in the
Cyp26b1–/– limb (Figure 6B). Thus, 6 hr after RA adminis-
tration at E10.25, the expression of Hoxd13 was down-
regulated and the expression domains of Meis2 and
RARE-hsplacZ had extended toward the distal end of
the limb bud. Expression of Cyp26a1 and Cyp26b1 was
also induced in the distal region of the limb (Figure 6B),
whereas that of Fgf8 and Shh remained normal (data
not shown). Twenty-four hours after RA administration,
the expression of Cyp26a1 and Cyp26b1 had returned
to normal but the aberrant expression of Hoxd13, Meis1,
Meis2, and RARE-hsplacZ persisted (Figure 6B; data
not shown). The distal end of the limb bud was also
narrow in the RA-treated embryos at this stage, a mor-
Figure 4. Proximalization of the Most Distal Mesenchyme Cells dur- phological feature also observed in Cyp26b1–/– mice. The
ing Limb Bud Outgrowth in Cyp26b1–/– Mice expression of Hoxd13 had recovered by 48 hr after RA
(A) Experimental strategy. The most distal cells beneath the AER of administration, although limb development appeared to
the limb bud of wild-type or Cyp26b1–/– mice at E10.5 were labeled be delayed. Limb bud mesenchyme may be able to reset
with DiI, embryos were cultured for 36 hr (to a morphological stage
P-D identity during early stages of development (Dudleyequivalent to E11.5), and the limb bud was examined.
et al., 2002; Hardy et al., 1995; Ros et al., 1994). This(B) DiI-labeled cells were restricted to the autopod region of the
plasticity of early mesenchyme and the transient effectswild-type limb but were detected beyond the autopod-zeugopod
boundary indicated by the yellow line in the mutant limb. Upper of one-time treatment with RA thus likely explain why
panel shows overlaid image of bright field (bottom) with DiI image. the single administration of RA at E10.25 did not induce
severe limb malformation (Figure 6A) (Kochhar, 1973).
These observations of RA-treated embryos suggest that
a lack of CYP26B1 and excess RA induce similar P-DMarie, 2002) and the complex skeletal anomalies of
patterning defects in the limb by the same molecularCyp26b1–/– mice. Thus, as in the earlier patterning phase,
mechanism. Distal expansion of the expression domainsCYP26B1 plays an important role in the cartilage forma-
of Meis1 and Meis2 and downregulation of the expres-tion phase of limb development, in this instance by pre-
sion of distal Hox genes were thus observed in bothventing cell death and promoting chondrocyte matu-
Cyp26b1–/– and RA-treated limbs, supporting the notionration.
that P-D identity is determined according to a differential
distribution of RA within the developing limb.
Excess RA Induces Limb Defects Similar to Those
of Cyp26b1–/– Mice Discussion
Finally, we examined whether administration of RA to
wild-type embryos would induce limb patterning defects Multiple Roles of CYP26B1 in Limb Development
similar to those of Cyp26b1–/– mice. A dose of all-trans Three different mechanisms may underlie the anomalies
RA sufficient to induce embryonic limb malformation of the Cyp26b1–/– mouse limb, suggesting multiple roles
(100 mg per kilogram of body mass) (Wood et al., 1996) for RA in limb development. First, impaired P-D pat-
was administered by oral gavage to wild-type pregnant terning between E10.5 and E11.5 might contribute to the
mice. The administration of a total of three such doses reduced size of the autopod and to stylopod-zeugopod
at E10.25, E11.25, and E12.25 indeed resulted in limb fusion. Second, increased apoptotic cell death between
defects that resembled those observed in Cyp26b1–/– E11.5 and E12.0 in the proximal region of the limb may
embryos (Figure 6A). Administration of all-trans RA only result in shortening of the stylopod and zeugopod. Fi-
at E10.25 and E11.25 induced truncation of the stylopod nally, arrested chondrocyte maturation may disrupt long
and zeugopod similar to that apparent in Cyp26b1–/– bone elongation and skeletal morphology.
mice, but the autopod was less severely affected. Con- Impaired P-D patterning may not be obvious in new-
born Cyp26b1–/– mice as a result of the increase in thetinuous exposure of the embryo to excess RA between
Retinoic Acid and Mouse Limb Development
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Figure 5. Increased Apoptosis and Impaired Chondrocyte Maturation in the Cyp26b1–/– Limb
(A) Cryosections of E12.0 wild-type and Cyp26b1–/– mice were analyzed for Sox9 expression, BrdU incorporation, and apoptosis (TUNEL
assay). Signals detected near the surface of the limb in the TUNEL assay were due to blood cells. Apoptosis was increased in the region of
precartilaginous condensation of the mutant limb (arrowhead), which was revealed by Sox9 expression. Incorporation of BrdU did not differ
between wild-type and Cyp26b1–/– limbs. The mutant limb was shorter and thicker than the wild-type limb. Asterisks indicate dorsal side.
Bars, 500 m.
(B) All-trans RA (or vehicle) was administered to pregnant ICR mice at E11.25, and embryos were dissected at E12.0 and subjected to the
TUNEL assay. The excess RA induced a marked increase in the number of apoptotic cells in both distal and proximal regions (arrowhead).
Bars, 500 m.
(C) Hematoxylin-eosin staining of the humerus region of wild-type and Cyp26b1–/– limbs at E13.5. hu, humerus; imc, immature chondrocytes;
mc, mature chondrocytes; pc, perichondrium; sc, scapula; S, presumptive stylopod; Z, presumptive zeugopod. Bars, 500 m.
extent of apoptosis and the arrest of chondrocyte matu- 1999). This notion is further supported by our observa-
tion that RA administration at E11.25 induced pro-ration that occur subsequently. However, P-D patterning
defects are reflected in the specific morphological fea- nounced apoptosis in the limb of wild-type embryos.
Excess RA exerts inhibitory effects on cartilage forma-tures of the limb (the narrowing of the distal portion and
thickening of the proximal portion) that are apparent tion (Sekiya et al., 2001; Weston et al., 2002, 2000).
Indeed, chondrocyte maturation was delayed in thebetween E11.5 and E12.5 and in the complete fusion of
the zeugopod and stylopod. Cyp26b1–/– limb, and Cyp26b1 is expressed in the peri-
chondrium and precartilaginous condensation sites. Al-Expression of Cyp26b1 in the precartilaginous mesen-
chyme is essential for prevention of apoptosis of the though previous studies have suggested that repression
of Sox9 expression might underlie the inhibitory effectscomponent cells, consistent with the previous observa-
tion that excess RA induces chondrocyte apoptosis (Ad- of RA on cartilage formation (Sekiya et al., 2001; Weston
et al., 2002), Sox9 expression was maintained in theams and Horton, 1998). The increased level of apoptosis
in the Cyp26b1–/– limb is likely independent of the abnor- Cyp26b1–/– limb (Figure 2C; Supplemental Figure S5B).
This apparent discrepancy may be due to the fact thatmal P-D patterning, given that such cell death was not
detected when P-D patterning was disturbed by ectopic the concentration of RA administered pharmacologi-
cally in the previous studies would be much higher thanMeis expression (Capdevila et al., 1999; Mercader et al.,
Developmental Cell
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Figure 6. Similarity of Limb Defects Induced by Treatment of Wild-Type Mouse Embryos with RA to Those of Cyp26b1–/– Mice
(A) All-trans RA was administered to pregnant ICR mice one to three times between E10.25 and E12.25, as indicated. Embryos were recovered
at E18.5 and examined for their external appearance (left panels) and limb skeletal pattern (right panels). The stylopod and zeugopod were
shortened when RA was administered at E11.25. Distal segments (autopod and zeugopod) were specifically affected in embryos that received
RA at both E10.25 and E12.25. Treatment at E10.25, E11.25, and E12.25 induced limb defects similar to those of Cyp26b1–/– mice. Red and
blue arrowheads indicate the stylopod and zeugopod, respectively.
(B) All-trans RA (or vehicle) was administered to pregnant Cyp26b1/ mice once at E10.25. Embryos were recovered 6, 24, or 48 hr later, as
indicated, and were subjected either to whole-mount in situ hybridization with probes specific for the indicated genes or to X-gal staining
(for RARE-hsplacZ expression). Dorsal views are shown (anterior side up). Six hours after RA administration, expression of Meis2, Cyp26a1,
Cyp26b1, and RARE-hsplacZ was increased while Hoxd13 was downregulated. Upregulation of Meis2 and downregulation of Hoxd13 are still
apparent 24 hr after RA administration. However, Hoxd13 expression in the distal region recovers by 48 hr after RA administration.
that occurring in Cyp26b1–/– embryos. This difference in Role of RA in P-D Patterning
of the Developing LimbRA level also might explain why ossification appears
to take place normally in the Cyp26b1–/– limb whereas Our results suggest a model in which mesenchyme cells
in the developing limb establish their P-D identity ac-excess RA inhibits osteogenesis (Binkley and Krueger,
2000). cording to a concentration of RA determined by RA
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the P-D axis. Eph and ephrin are candidate mediators
of mesenchyme cell adhesion, sorting, and boundary
formation during limb patterning, and expression of
these cell surface proteins depends on Hox genes (Com-
pagni et al., 2003; Stadler et al., 2001). In mice that lack
Hoxa13, EphA7 expression is thus markedly reduced
and the mutant mesenchyme cells in the future autopod
region fail to undergo normal cell sorting, resulting in
impaired autopod formation (Stadler et al., 2001). In
Cyp26b1–/– mice, downregulation of Hoxa13 and Hoxd13
between E10.5 and E11.5 may trigger development of
the distally narrow, proximally wide and thick morphol-
ogy of the limb by impairing normal sorting of distal
mesenchyme cells.
Loss of joint structures in Cyp26b1–/– mice also might
represent a P-D patterning defect. Whereas there is a
gap between the Hoxd10 expression domains of the
autopod and zeugopod regions in wild-type mice at
E11.5, this gap is not apparent in Cyp26b1–/– mice (Sup-
plemental Figure S3). The Hoxa11 and Hoxa13 expres-
sion domains also overlap with each other over a much
wider region in the Cyp26b1–/– limb than they do in the
wild-type limb (Supplemental Figure S3). Furthermore,
expression of the stylopod marker gene Meis2 is distally
extended to the region near the autopod-zeugopod
boundary in the Cyp26b1–/– limb (Supplemental FigureFigure 7. A Model for P-D Axis Formation in the Mouse Limb Bud
S3). These observations suggest that the fusion of theFrom E9.5 to E11.0, RA produced by RALDH2 in the trunk region
stylopod and zeugopod in Cyp26b1–/– mice reflects im-will diffuse to the limb bud. CYP26B1 in the distal region of the
paired boundary formation due to altered expression ofdeveloping limb bud degrades RA and thereby restricts RA signal
to the proximal region. RA signal induces Meis1/2 expression, which Hox and Meis.
will determine the proximal identity. See the text for details.
An RA Gradient along the P-D Axis
of the Developing Limb?synthesis in the trunk and RA degradation at the distal
end of the limb (Figure 7), consistent with the results Raldh2 is expressed in the trunk at the level of the devel-
oping limb, whereas the genes for other RA biosyntheticof previous pharmacological studies on the effects of
excess RA on limb patterning. In the chick limb, grafts enzymes, such as RALDH1 and RALDH3, are not ex-
pressed near the limb. Cyp26b1, the only Cyp26 geneof limb tissue exposed to RA induce more-proximal
structures than do those not exposed to RA (Tamura et active in the developing limb between E10.5 and E11.5,
is expressed at the distal end of this structure. RA isal., 1997). Furthermore, excess RA can repress distal
Hox expression (Hayamizu and Bryant, 1994) and induce thus produced near the midline of the body and active
degradation of RA occurs at the distal end of the limb.expression of Mesi1 and Meis2 in the distal region of
the chick limb (Mercader et al., 2000). Distal mesen- Such a source and sink arrangement might be expected
to generate a gradient of RA, given that RA is a smallchyme cells exposed to RA also reprogrammed their
P-D identity, moved proximally, and contributed exclu- molecule able to diffuse over long distances. Indirect
observations of the RA concentration in the developingsively to proximal regions (Mercader et al., 2000). Similar
observations have been made with the regenerating limb with the RARE-hsplacZ transgene support this
notion.newt limb (Brockes, 1997; Crawford and Stocum, 1988;
Gardiner et al., 1995; Maden, 1982). Previous observa- In the absence of the sink (CYP26B1), the level of RA
in the limb is increased, as expected. However, RA signaltions with Raldh2–/– mice (Niederreither et al., 2002b)
also support our model. The limbs of Raldh2–/– mice, is still absent in the most distal region, possibly as a
result of the ectopic expression of Cyp26a1 in the distalwhose early embryonic death was prevented by admin-
istration of the minimal amount of RA between E7.5 and ectoderm. In support of this latter possibility, the defects
apparent in the autopod of Cyp26a1/–, Cyp26b1–/– miceE10.5, manifested an autopod larger than the stylopod
or zeugopod, which is exactly what our model would are more severe than are those in Cyp26b1–/– animals:
the limbs of the double mutants possess only one digitpredict.
The limbs of Cyp26b1–/– mice exhibit striking morpho- (unpublished data), compared with the two or three dig-
its apparent in the limbs of Cyp26b1–/– mice. Further-logical features at E11.5 and E12.5. They are shorter,
with their distal portion narrower and proximal portion more, in the Cyp26b1–/– limb, the level of RA is increased
even in the proximal and medial regions, where Cyp26b1thicker, than are wild-type limbs. Our cell-fate analysis
suggests that cells in the distal region of the Cyp26b1–/– is not normally expressed, suggesting that CYP26B1
regulates RA concentration throughout the entire limblimb are misspecified to a proximal identity and contrib-
ute to the proximal region. A cell-sorting mechanism by metabolizing RA molecules that have arrived at the
distal end.may be responsible for the location of mesenchyme
cells in the developing limb at the correct position along If RA is differentially distributed in the developing limb
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and sectioned at a thickness of 7 m. The TUNEL assay was thenby RALDH2 and CYP26B1, how are Raldh2/– (Nieder-
performed with an Apoptosis Detection Kit (Takara). The incorpora-reither et al., 1999) or Cyp26b1/– embryos able to devel-
tion of BrdU was assayed with a Cell Proliferation Kit (Amersham).op normal limbs? It is possible that expression of Raldh2
Thirty minutes after intraperitoneal injection of pregnant female mice
and of Cyp26b1 is precisely controlled by the level of with BrdU, embryos were removed and then fixed and sectioned
RA in such a manner that an increase in the RA concen- as for the TUNEL assay. The sections were then fixed for 15 min at
room temperature with 4% paraformaldehyde in PBS, incubated fortration upregulates Cyp26b1 expression and downregu-
15 min at 37C with proteinase K (2 g/ml; Roche) in PBS, and fixedlates Raldh2. Indeed, the expression levels of Cyp26b1
again for 10 min at room temperature with 4% paraformaldehydeas well as of RARE-hsplacZ were indistinguishable be-
in PBS. They were then incubated at room temperature first for 1 hrtween wild-type and Cyp26b1/– limbs (data not shown).
with 6% H2O2 and then for 15 min with 4 M HCl. Nonspecific sitesFurthermore, Cyp26b1 expression in the limb was greatly were blocked with 1% bovine serum albumin (Sigma) in PBS before
upregulated by excess RA, supporting the idea that en- detection of BrdU-labeled cells with antibodies to BrdU.
dogenous RA regulates Cyp26b1 expression.
P-D patterning of vertebrate limbs has previously been RA Treatment
RA treatment was performed as previously described (Wood et al.,explained by the progress zone model (Summerbell et al.,
1996) with minor modifications. Pregnant ICR females received a1973). However, recent studies (Dudley et al., 2002; Sun
dose of all-trans RA (100 mg/kg; Sigma) in sesame oil (Sigma) byet al., 2002) have challenged this model and suggested
oral gavage. Control females received sesame oil only.an alternative, the prespecification model. Our RA model
is compatible with the progress zone model. Given that
Analysis of Cell Fate
Cyp26b1 is expressed in the progress zone, distally lo- E10.5 embryos were explanted as previously described (Martin and
cated mesenchyme cells may be exposed to a no- or Cockroft, 1999). Care was taken not to damage the blood vessels
low-RA environment until they exit from the progress of the yolk sac. A stock solution (0.5%, w/v) of DiI (1,1-dioctadecyl-
3,3,3,3-tetramethylindocarbocyanine perchlorate; Molecular Probes)zone. The time exposed to this environment may act as
was prepared by dissolving the crystals in 100% ethanol and wasan “internal clock.” Our model is also compatible with
diluted 1:10 with sterile 0.3 M sucrose before use. The dye wasthe prespecification model, according to which P-D fate
injected into a region of the limb bud immediately beneath the AERis already specified in the progress zone. The RA signal
with the use of a Narishige IM-6 pressure injector and MMN-333
may thus provide the positional information responsible micromanipulator. The labeled embryos were cultured in vitro for
for determination of the initial size of each segment in 36 hr as previously described (Martin and Cockroft, 1999). Only
well-developed embryos were subjected to further analysis (thosethis model. In either case, our findings suggest that
embryos that developed anomalously because of damage to thedifferential distribution of RA along the P-D axis is essen-
blood vessels of the yolk sac were discarded). The limb buds weretial for P-D patterning and outgrowth of the vertebrate
observed with a Leica MZ FL III stereomicroscope after fixation withlimb.
4% paraformaldehyde in PBS.
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